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ABSTRACT  

Difluoroboron −diketonate materials are used for biomedical oxygen sensing applications. These 

fluorophores show both fluorescence (F) and phosphorescence (P) when the dye is embedded in a 

polymer matrix. The fluorescence is insensitive to oxygen quenching, while the phosphorescence 

changes intensity dependent on the oxygen concentration. This enables oxygen quantification by 

ratiometric methods with good spatial and temporal resolution. Here, we produce ratiometric-

capable oxygen sensors without the need of a heavy atom. This is achieved by substituting 

methoxyl groups at the meta-positions of an aromatic ring, dramatically influencing the electronic 

transitions of the fluorophore. Altering the aromatic group on the opposing ring tailors the 

absorption wavelength, luminescence colors and relative fluorescence to phosphorescence ratio 
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(F/P), important for oxygen sensing. The phosphorescence lifetimes are also hundreds of 

milliseconds long, achieving ultra-sensitivity to oxygen. This study presents the synthesis, optical 

characterization in solution and polylactide blends, and computational analysis of 3,5-dimethoxy-

difluoroboron −diketonate materials as oxygen sensing materials. 

INTRODUCTION 

Luminescent materials are employed as imaging agents and optical devices for lighting and 

energy.1–6 Fluorescence (F), room-temperature phosphorescence (RTP), and thermally-activated 

delayed fluorescence (TADF) all play important roles in the design of functional materials.7 In 

cellular imaging, bright fluorophores with high quantum yields, long luminescence lifetimes and 

good photostabilities are ideal for organelle tagging, sensing and long-term tracking.8,9 Therefore, 

fluorophores with these desired properties are under intense investigation.10 Simple changes in 

molecular structure can yield next generation optical materials. Boron modified materials and 

boron −diketonate dyes are bright, multi-photon excitable, medium-sensitive fluorophores useful 

for a growing number of applications.11–20 Beyond the fluorescence properties of these dyes, 

emission from the triplet state can also be achieved in the form of TADF and RTP when the dyes 

are embedded into a rigid matrix (e.g. polylactic acid).21,22 This was initially discovered for the 

dye-polymer conjugate difluoroboron dibenzoylmethane-PLA (BF2dbmPLA).23 PLA is a 

biodegradable polymer that is readily processed for different biomedical applications.24–27   

The multi-emissive properties of these materials are beneficial for many uses such as 

OLEDs,28–31 long-lifetime imaging probes,32–36 and oxygen sensors.37–44 Because the fluorescence 

and phosphorescence originate from a single dye, or polymeric material, complications due to dye 

mixing are circumvented (i.e. fluorescent dye + phosphorescent dye).45–47 The fluorescence, un-
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quenched by oxygen, serves as an internal standard, while the oxygen-sensitive phosphorescence 

is can report the relative oxygen concentration. Thus, ratiometric oxygen sensing is achievable 

with a single dye. In most purely organic materials, the fluorescence is significantly stronger than 

the phosphorescence,23,48–51 but dyes have been prepared to shift the balance towards stronger 

phosphorescence. One strategy exploits the heavy-atom effect, which increases the rate of 

intersystem crossing via spin-orbit coupling.52 In organic molecules, this can be observed by 

measuring the phosphorescence in heavy-atom enriched solvents, such as iodomethane, for an 

external heavy atom effect.53,54 A more practical method is introduction of a halide, such as iodide 

or bromide, to the molecular structure to cause an internal heavy-atom effect.55–57 This has been 

demonstrated for difluoroboron −diketonate ratiometric oxygen sensors,58,59 

benzo[2,1,3]thiadiazoles,60 N-substituted naphthalimides,61–63 and bromine-substituted 

benzaldehyde-based phosphors.64,65 The greatest drawback to heavy-atom induced 

phosphorescence is reduced photostability.66 Also, for oxygen-sensing applications, the oxygen 

sensitivity is greatly reduced.49 While this can be beneficial for certain applications,44 maintaining 

phosphorescence with long lifetimes and ultrasensitivity to oxygen can be challenging via heavy 

atom placement. 

Recently, there has been progress in the preparation of heavy-atom free oxygen sensors. 

Zhang et al., reported a set of N-substituted naphthalimides (NNI) with strong orange-red 

phosphorescence achieved via the introduction of electron rich aromatics to increase charge 

transfer.62 Challenges for NNI-based oxygen sensors arise from the low quantum yields.  Also 

notable are some heavy-atom free difluoroboron −diketonate complexes reported by Klimant and 

coworkers. These ultrasensitive difluoroboron 9-hydroxyphenalenone chelates (BF2HPhN) were 

employed as oxygen sensors with exceptional properties, such as distinct fluorescence and 
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phosphorescence wavelengths, long phosphorescence lifetimes and thermally activated 

fluorescence.67,68 However, the large −aromatic systems of BF2HPhN dyes resulted in poor 

matrix solubility and reduced photostability.68 Therefore, new techniques for enhancing the 

phosphorescence without resorting to heavy-atom substitution or large aromatic moieties have not 

yet been realized. 

 In this report, we build upon knowledge of charge transfer in BF2bdks to design new 

oxygen sensitive materials with intense phosphorescence. Previously we reported that the 

difluoroboron moiety plays a key role in activating the phosphorescence emission by restricting 

molecular motions and enhancing the donor-acceptor property of the diketonate.69,70 We 

hypothesize that the phosphorescence intensity may be linked to the charge separation, namely, 

the charge transfer (CT) of the molecule.71 This has been demonstrated in a recent report of 

naphthyl-phenyl systems, with and without bromide substituents, to increase the phosphorescence 

intensity.72,73 This is also supported in a study of dibenzoylmethane derivatives, where meta-

alkoxy substitution led to increased charge transfer properties and intensified phosphorescence.74 

However, a heavy atom was still required to enable strong phosphorescence, a prerequisite for 

ratiometric oxygen sensing. Also, altering the polymer matrix (e.g. polystyrene or poly(methyl 

methacrylate)) had little influence on the phosphorescence intensity. Therefore, we propose that 

further increasing the CT character with two alkoxy groups at the meta-position of the aromatic 

ring can eliminate the necessity of the heavy atom, producing more photostable, ultrasensitive 

oxygen sensors. Galer and coworkers were the first to present a 3,5-dimethoxybenzene-

dibenzolymethane boron difluoride (difluoroboron-1-phenyl-3-(3,5-dimethoxyphenyl)-propane-

1,3-dione), which displayed a variety of fluorochromic behaviors, such as mechanochromism, 

solvatochromism, thermochromism and chronochromism (Figure 1, compound 1).75 Density 



 5 

functional theory (DFT) properties of this dye showed strong charge-transfer properties. Thus, we 

hypothesize that this dye scaffold is an the ideal candidate for enhanced RTP via charge-transfer.62 

Galer and coworkers investigated the solid state properties of 1 extensively, but the 

phosphorescence of these types of compounds in polymers is unknown. Here, we test the RTP 

properties of a series of 3,5-dimethoxybenzoyl dyes with variable aromatic groups (Figure 1). The 

charge separation is generated by an electron localized highest occupied molecular orbital 

(HOMO) and an electron-delocalized lowest unoccupied molecular orbital.  Varying aromatic 

groups (e.g. phenyl, naphthyl and thienyl) can be used to modulate the degree of charge transfer, 

luminescence colors, and phosphorescence lifetimes.  

 

Figure 1. Molecular Design of Charge Transfer Difluoroboron −Diketonates. A) Distribution 

of electron density within the 3,5-dimethoxy substituted dibenzoylmethane dye (1) showing 

strong CT character. (See calculation data in the Supporting Information).75 B) Chemical 

structures of dyes in this work. 

This study describes dye synthesis, optical properties in solution, theoretical study, and the 

oxygen sensing properties of the dyes embedded in PLA. All the dyes show strong 
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phosphorescence in PLA blends, enabling heavy atom free, ratiometric oxygen sensing. 

Furthermore, with ultralong phosphorescence, these materials maintain highly sensitive oxygen-

sensing properties,67,76–78 ideal for industrial applications (i.e. trace oxygen analyzers) and extreme 

hypoxic or anoxic environments (e.g. in tumors).41,79 

EXPERIMENTAL SECTION 

Materials. Solvents CH2Cl2 and THF were dried over 3 Å molecular sieves activated at 300 °C, 

transferred via cannula, and dried a second time over 3 Å molecular sieves activated at 300 °C.80 

The solvents were stored in a dry pot. All other chemicals were reagent grade from Sigma-Aldrich 

and were used without further purification. The ligand,1-(3,5-dimethoxyphenyl)-3-hydroxy-3-

phenylprop-2-en-1-one (L1), and boron dye, difluoroboron-1-(3,5-dimethoxyphenyl)-3-oxo-3-

phenylprop-2-en-1-one (BF2 3, 5-OMe-dbm; 1) were prepared as previously described by Galer et 

al.75 1H NMR spectra are in accordance with literature values. 

Methods. 1H NMR spectra (600 MHz) were recorded on a Varian VMRS 600/51 instrument in 

CDCl3 or d6-DMSO. 1H NMR spectra were referenced to the residual signals for protiochloroform 

(7.26 ppm). In the 1H NMR assignments, aromatic positions are defined for phenyl (Ar), naphthyl, 

(Np), and thienyl (Th). Coupling constants are given in hertz. UV−vis spectra were recorded on a 

Hewlett-Packard 8452A diode-array spectrophotometer. The −diketonate ligands were prepared 

as previously described using methyl 3,5-dimethoxybenzoate with the corresponding aromatic 

ketone, 1-(4-methoxyphenyl)ethan-1-one (L2),  1-(naphthalen-2-yl)ethan-1-one (L3), 1-

(thiophen-2-yl)ethan-1-one (L4), and 1-(6-methoxynaphthalen-2-yl)ethan-1-one (L5) in the 

presence of NaH (60% in oil) as a base.81 Boron dyes were prepared as previously described with 

the corresponding ligands. Ligands and dyes were purified by recrystallization from 
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acetone/hexanes until 1H NMR revealed high purity. The compound yields, 1H NMR (Figures S8-

S16) and mass spectroscopy data are provided.  

Luminescence Measurements. Steady-state fluorescence emission spectra were recorded on a 

Horiba Fluorolog-3 Model FL3-22 spectrofluorometer (double-grating excitation and double-

grating emission monochromator). A 2 ms delay was used when recording the delayed emission 

spectra. Time-correlated single-photon counting (TCSPC) fluorescence lifetime measurements 

were performed with a NanoLED-370 (λex = 369 nm) excitation source and a DataStation Hub as 

the SPC controller. Phosphorescence lifetimes were measured with a 1 ms multichannel scalar 

(MCS) excited with a flash xenon lamp (λex = 369 nm; duration <1 ms). Lifetime data were 

analyzed with DataStation v2.4 software from Horiba Jobin Yvon. Fluorescence quantum yields 

(ΦF) of initiator and polymer samples in CH2Cl2 were calculated against anthracene as a standard 

as previously described, using the following values: ΦF (Quinine sulfate) = 0.546,82 (0.1 M H2SO4) 

= 1.380, nD
20 (CH2Cl2) = 1.424. Optically dilute CH2Cl2 solutions of the dyes, with absorbances 

<0.1 au, were prepared in 1 cm path length quartz cuvettes. Fluorescence spectra and lifetimes 

were obtained under ambient conditions (e.g., air, ∼21% oxygen).  Phosphorescence 

measurements were performed under a N2 atmosphere. Vials were continuously purged in the 

headspace between the solution and the vial cap with analytical grade N2 (Praxair) during 

measurements with a 12 mm PTFE/silicone/PTFE seal (Chromatography Research Supplies), 

connected by a screw cap. For 21% O2 (i.e. air), measurements were taken under ambient 

conditions (open vial, no cap). Oxygen calibration was performed as previously described with 

Cole-Palmer flow gauges with mixtures of O2 and N2 (Praxair) gases.59 Fluorescence and 

phosphorescence lifetimes were fit to double exponential decays in PLA films. Fluorescence 

lifetimes in CH2Cl2 were fit to single exponential decays. Solvatochromism measurements were 
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performed as previously described with spectroscopic grade organic solvents (hexane, toluene, 

methylene chloride, acetone and acetonitrile) at constant concentration (~10-5 M).14  

−Diketones 

1-(3,5-Dimethoxyphenyl)-3-hydroxy-3-(4-methoxyphenyl)prop-2-en-1-one (3,5-OMe-dbm-OMe; 

L2). The ligand was isolated as an off-white crystalline solid (760 mg, 71%).  1H NMR: (600 MHz, 

DMSO)  17.33 (s, 1H, enol-H), 8.16 (d, J = 12, 2H, 2, 6-OMeArH), 7.23 (s, 2H, 2, 6-MetaArH), 

7.21 (s, 1H, COCHCO),  7.07 (d, J = 12, 2H, 3, 5-OMeArH), 6.73 (s, 1H, 4-MetaArH), 3.84 (s, 

3H, 4-OMeArOCH3), 3.82 (s, 6H, 3,5-MetaArOCH3). HRMS (ESI, TOF) m/z calcd for 

C18H18BO5F2: 363.1215 [M + H]+; found 363.1225. HRMS (ESI, TOF) m/z calcd for C18H19O5: 

315.1232 [M + H]+; found 315.1234.   

1-(3,5-Dimethoxyphenyl)-3-hydroxy-3-(naphthalen-2-yl)prop-2-en-1-one (3,5-dimethoxy-bnm; 

L3). The ligand was isolated a tan crystalline solid (1.4 g, 54%).   1H NMR: (600 MHz, DMSO)  

17.23 (s, 1H, enol-H), 8.84 (s, 1H, 1-NpH), 8.25-8.00 (m, 4H, 3, 4, 5, 8-NpH), 7.68-7.60 (m, 2H, 

6, 7-NpH), 7.45 (s, 1H, COCHCO), 7.27 (s, 2H, 2, 6-MetaArH), 6.71 (s, 1H, 4-MetaArH), 3.84 (s, 

6H, 3,5-MetaArOCH3). HRMS (ESI, TOF) m/z calcd for C21H19O4: 335.1283 [M + H]+; found 

335.1299.   

1-(3,5-Dimethoxyphenyl)-3-hydroxy-3-(thiophen-2-yl)prop-2-en-1-one (3,5-OMe-btm; L4). The 

ligand was isolated a brown crystalline solid  (243 mg, 15%). 1H NMR: (600 MHz, DMSO)  

16.44 (s, 1H, enol-H), 8.34 (d, J = 6, 1H, 5-ThH), 8.04 (d, J = 6, 1H, 3-ThH), 7.29 (t, J = 6, 1H, 4-

ThH), 7.19 (s, 2H, 2, 6-MetaArH) 7.03 (s, 1H, COCHCO), 6.73 (s, 1H, 4-MetaArH), 3.81 (s, 6H, 

3,5-MetaArOCH3). HRMS (ESI, TOF) m/z calcd for C15H15O4S: 291.0691 [M + H]+; found 

291.0692.   
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1-(3,5-Dimethoxyphenyl)-3-hydroxy-3-(6-methoxynaphthalen-2-yl)prop-2-en-1-one (3,5-

dimethoxy-bnmOMe; L5). The ligand was isolated an off-white powder (450 mg, 30%).  1H NMR: 

(600 MHz, DMSO)  17.31 (s, 1H, enol-H), 8.77 (s, 1H, 1-OMeNpH), 8.16 (d, J = 6, 1H, 3-

OMeNpH), 8.03 (d, J = 12, 1H, 8-OMeNpH), 7.94 (d, J = 12, 1H, 7-OMeNpH), 7.43 (s, 1H, 5-

OMeNpH), 7.41 (s, 1H, COCHCO), 7.28 (s, 2H, 2, 6-MetaArH), 7.25 (d, J = 6, 1H, 4-OMeNpH), 

6.79 (s, 1H, 4-MetaArH), 3.90 (s, 3H, 6-OMeNpOCH3), 3.84 (s, 6H, 3,5-MetaArOCH3). HRMS 

(ESI, TOF) m/z calcd for C22H21O5: 365.1389 [M + H]+; found 365.1407.   

Boron Dyes 

BF2-3,5-dimethoxy-dbmOMe (2). The dye was isolated as a yellow powder (135 mg, 86%).   1H 

NMR: (600 MHz, DMSO)  8.40 (d, J = 6, 2H, 2, 6-OMeArH), 7.78 (s, 1H, COCHCO), 7.41 (s, 

2H, 2, 6-MetaArH) 7.18 (d, J = 6, 2H, 3, 5-OMeArH), 6.90 (s, 1H, 4-MetaArH), 3.92 (s, 3H, 4-

OMeArOCH3), 3.85 (s, 6H, 3,5-MetaArOCH3). HRMS (ESI, TOF) m/z calcd for C18H18BO5F2: 

363.1215 [M + H]+; found 363.1225.   

BF2-3,5-dimethoxy-bnm (3). The dye was isolated as a yellow powder (361 mg, 68%).    1H NMR: 

(600 MHz, DMSO)  9.13 (s, 1H, 1-NpH), 8.36 (d, J = 6, 1H, 8-NpH), 8.21 (d, J = 12, 1H, 3-

NpH), 8.14 (d, J =12, 1H, 4-NpH), 8.06 (s, 1H, COCHCO), 7.76 (t, J = 6, 1H, 6-NpH), 7.68 (t, J 

= 6, 1H, 7-NpH), 7.49 (s, 2H, 2, 6-MetaArH), 6.95 (s, 1H, 4-MetaArH), 3.88 (s, 6H, 3,5-

MetaArOCH3). HRMS (ESI, TOF) m/z calcd for C21H18BO4F2: 383.1266 [M + H]+; found 

383.1258.   

BF2-3,5-dimethoxy-btm (4). The dye was isolated as a dark yellow powder (56 mg, 76%).     1H 

NMR: (600 MHz, DMSO)  8.74 (s, broad, 1H, 5-ThH), 8.41 (s, broad, 1H, 3-ThH), 7.80 (s, 1H, 

COCHCO), 7.48 (t, J = 6, 1H, 4-ThH), 7.38 (s, 2H, 2, 6-MetaArH), 6.92 (s, 1H, 4-MetaArH), 3.85 
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(s, 6H, 3,5-MetaArOCH3). HRMS (ESI, TOF) m/z calcd for C15H14BO4F2S: 339.0674 [M + H]+; 

found 339.0680.   

BF2-3,5-dimethoxy-bnmOMe (5). The dye was isolated as an orange powder (134 mg, 43%).      1H 

NMR: (600 MHz, DMSO)  9.06 (s, 1H, 1-OMeNpH), 8.33 (d, J = 6, 1H, 8-OMeNpH), 8.12 (d, J 

= 6, 1H, 3-OMeNpH), 8.01 (d, 1H, J = 6, 1H, 4-OMeNpH), 7.96 (s, 1H, COCHCO), 7.50 (s, 1H, 

5-OMeNpH), 7.46 (s, 2H, 2, 6-MetaArH), 8.32 (d, J = 6, 1H, 7-OMeNpH), 6.94 (s, 1H, 4-

MetaArH), 3.94 (s, 3H, 6-OMeNpOCH3), 3.88 (s, 6H, 3,5-MetaArOCH3). HRMS (ESI, TOF) m/z 

calcd for C22H20BO5F2: 413.1372 [M + H]+; found 413.1379. 

 

RESULTS and DISCUSSION 

Synthesis. Boron dye derivatives 1-5 were prepared as previously described in two steps 

(Scheme 1).22 Briefly, −diketone ligands were prepared by Claisen condensation between an 

aromatic ketone and an aromatic ester in the presence of NaH. Ligands dissolved readily in 

common organic solvents (acetone, EtOAc, CH2Cl2) and were purified by recrystallization from 

acetone/hexanes. The corresponding boron complexes were prepared in methylene chloride by 

addition of boron trifluoride diethyl etherate. Boron complexes 1, 2 and 4 showed high solubility 

in common organic solvents (e.g. acetone, CH2Cl2), whereas the naphthalene derivatives 3 and 5 

showed more limited solubility in solvents such as acetone. All dyes were purified by 

recrystallization from acetone/hexanes. These rapid, column-free syntheses are promising for 

lowering the cost and increasing the convenience of producing dual-emissive materials. 

Scheme 1. Representative synthesis of BF2bdks 
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Optical Properties in CH2Cl2 Solution. Boron dyes 1-5 were studied in dilute CH2Cl2 

solution for ready comparison of optical properties with those corresponding to other BF2bdk dyes 

previously reported by our group.14,22,83 Data are summarized in Table 1. The optical properties of 

compound 1 are in good agreement with a previous report by Sket et al.75 

Table 1. Optical Properties of Boron Dyes in CH2Cl2 (ex = 369 nm) 

BF2bdk 
abs

a 

(nm) 

b 

(M-1 cm-1) 

F
c 

(nm) 

F
d 

(ns) 
Φe 

rad
f 

(ns) 

kr
g 

(ns-1) 

knr
h 

(ns-1) 

1 369 33 200 554 6.87 0.05 137.4 <0.01 0.14 

2 396 47 300 525 7.40 0.08 92.5 0.01 0.12 

3 402 35 200 560 4.84 0.05 96.8 0.01 0.20 

4 391 44 600 567 4.53 0.04 113.4 <0.01 0.21 

5 427 50 000 520 4.32 0.95 4.5 0.22 0.01 

a. Absorbance maxima  

b. Extinction coefficient 

c. Fluorescence maxima 

d. Fluorescence lifetime  

e. Fluorescence quantum yield versus quinine sulfate in 0.1 M H2SO4.84  

f. Radiative lifetime: rad = F/ΦF
22 

g. Radiative rate constant: kr = ΦF/F
85 

h. Non-radiative rate constant: knr = (1-ΦF)/F
85 

 

Dyes 1-4 showed ultraviolet absorption (369-402 nm) in CH2Cl2, while compound 5 

showed more red-shifted absorption (427 nm; Figure S1). The emission wavelength in CH2Cl2 

showed no distinct trend amongst the derivatives with regard to −conjugation. Compound 4, the 

thienyl derivative, showed the most red-shifted emission in CH2Cl2 solution (567 nm); whereas, 
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compound 5, with the greatest −conjugation across the molecule, exhibited the most blue-shifted 

emission (520 nm).  

 All the dyes displayed long fluorescence lifetimes (4-7 ns) compared to para-substituted 

derivatives (~2 ns), but varying quantum yields. The quantum yield of dyes 1-4 in solution were 

very low (ΦF = 0.04-0.08), while compound 5 showed highly efficient emission (ΦF = 0.95). 

Calculations of the radiative (kr) and non-radiative (knr) rate constants support these results (Table 

1). Dyes with low quantum yields have rapid rates of non-radiative decay, corroborating ICT 

transitions.86–88 Dyes with ICT character (1-4) have faster rates of fluorescence deactivation (i.e. 

non-radiative decay; knr = 0.12 – 0.21 ns-1) than of radiative decay (kr  ≤ 0.01 ns-1). In contrast, 

compound 5 with less ICT character, showed the opposite trend with the radiative rate more rapid 

than the non-radiative rate (knr = 0.01 and kr = 0.22). The radiative lifetimes (rad) support these 

results.52 This measurement, also known as the intrinsic  lifetime, is the fluorescence lifetime in 

the absence of non-radiative decay pathways. In previous reports of BF2bdks, rad values around 

10 ns were indicative of intramolecular charge transfer (ICT), whereas lower rad values around 2 

ns were ascribed to − transitions.22 The rad values of compounds 1-4 are 100-150 ns, whereas 

compound 5, showed the shortest radiative lifetime (4.53 ns). This clearly revealed that compounds 

1-4 have dramatically stronger ICT properties compared to compound 5. To further confirm this, 

solvatochromism experiments and density-functional theory computational studies were 

performed. 

Solvatochromism.  All the dyes exhibited long fluorescence lifetimes (> 4 ns), and 

therefore, the emission is expected to be very sensitive to solvent polarity.89 The solvatochromic 

behaviors of dyes 1-5 were investigated in solvents of variable polarity, but similar viscosity to 

eliminate other (e.g. viscochromic) influences (Figures 2, S2-S3). Hexane, toluene, methylene 
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chloride, acetone, and acetonitrile were selected. Using Lippert-Mataga theory, the Stokes shift 

(v) was plotted versus the solvent polarity parameter (f) (Figure S4).76 In non-polar solvents, 

such as hexanes, dyes 1-4 showed violet fluorescence at around 400 nm, except for 5, which 

showed blue fluorescence at 430 nm. With increasing polarity, the emission of dyes 1-4 redshifted 

dramatically, and the fluorescence intensities sharply decreased, to where the dyes are virtually 

non-emissive. In comparison, the fluorescence of compound 5 red-shifted with increasing polarity, 

but for this dye the signal remained bright. The slope of the Lippert-Mataga plots showed that 

compound 2 had the strongest solvatochromic behavior, while compounds 3 and 5 showed the 

weakest response to polarity (Lippert-Mataga slope; 3 = 19.8, 5 = 12.6) (Figure S4).  In more polar 

solvents, the longer wavelength emission may be influenced by the rate of intersystem crossing as 

well.90 Stabilization of the fluorescence at a lower energy, closer to the triplet state, enhances the 

rate of intersystem crossing.91 In polar organic solvents, the energy is readily dissipated non-

radiatively (e.g. low quantum yield; Table S1). However, compound 5 did not display the same 

dramatic decrease in emission intensity exhibited by compounds 1-4. Therefore, this scaffold 

likely has different electronic properties, and could be more useful as a solvatochromic dye 

sensor.89  
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Figure 2. Solvent-Sensitive Emission of Charge Transfer Boron Complexes (ex = 369 nm for 

images and spectra). A) Representative dyes (note: behavior of 1, 2 and 3 are like 4). B) Images 

of the dyes in various solvents (left to right; n-hexanes (Hex), toluene, dichloromethane (DCM), 

acetone, and acetonitrile (ACN) C) Total emission spectra in various solvents (left to right; n-

hexanes (Hex), toluene, dichloromethane (DCM), acetone, and acetonitrile (ACN). 

Computational Studies. Computational study of the qualitative molecular orbitals (MOs) 

provided insight into the ICT behaviors of the dyes (Figure 3; Supporting Information). Ground 

state geometries and energies of the singlet ground state (S0) are reported for dyes 1-5. All the dyes 

showed highly planar structures, important for producing red-shifted phosphorescence and 

reducing twisted intramolecular charge transfer (TICT).22 The qualitative MOs of compounds 1-4 

are nearly identical in character. In the highest occupied molecular orbital (HOMO), electron 

density is localized on the 3,5-dimethoxy aromatic, and in the lowest unoccupied molecular orbital 

(LUMO), electron density is delocalized across the entire molecule. This is indicative of ICT 

behavior, as areas devoid of electron density in the HOMO (e.g. phenyl in 2, thienyl in 4), become 

electron dense in the LUMO (Figure 3 and Tables S2-S6).92 The −localized HOMO to 

−delocalized LUMO is a common transition for solvatochromic fluorophores. However, 

calculated absorption spectra show the main transition during excitation is the HOMO-1 to LUMO 

(Tables S1-S5). The HOMO-1 (or HOMO-2 for compound 3) to LUMO is − for compounds 
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1-4, whereas the ICT transition (HOMO-LUMO) is expressed as a weaker, lower energy transition. 

In contrast, MO diagrams of compound 5 showed delocalized HOMO and LUMO electron density, 

indicative of a − transition (Figure 3).22  This explains the anomalous behavior of compound 

5 in comparison to dyes 1-4, such as bright emission and short radiative lifetime. The qualitative 

MOs, in combination with the solvatochromism experiments indicate molecules with strong (1-4) 

or moderate (5) charge transfer. 

 

Figure 3. Frontier molecular orbitals of compounds 2, 4, and 5. (Compounds 1 and 3 are similar 

to 2 and are shown in Tables S1-S5). 

Luminescence in PLA Blends. To observe the phosphorescence properties, dilute 

dye/PLA blends (1% weight percent) were generated by co-dissolution of the dye and the polymer 

in a minimal amount of CH2Cl2, and slow evaporation of the solvent to make a film of the mixture 

on the inside wall of a glass vial (Figure S6). The vial is a convenient chamber for controlling the 

oxygen environment. At low dye loading (1 wt%), there is a low propensity for the dyes to 

aggregate,58 which corresponds to the largest gaps between the fluorescence and phosphorescence 

peaks,59 and increased photostability of the oxygen-sensing material.66 The optical properties are 
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presented in Table 2, namely, fluorescence wavelengths (F) and lifetimes (F), phosphorescence 

wavelengths (RTP) and lifetimes (RTP), and the F/P ratios. Important considerations for 

ratiometric oxygen sensing include emission color93 and the gap between fluorescence and 

phosphorescence.94 For bioimaging, red-emitting dyes are used for deeper tissue imaging because 

of benefits in decreased light scattering.95,96 However, for other applications, such as industrial 

sensors, red-emitting dyes are not essential; rather, distinguishable singlet and triplet emissions 

and readily detectable emission intensity are priorities.67,97 

Table 2. Optical Properties of Boron Dyes in PLAa  

BF2bdk 
F

b 

(nm) 

F
c 

(ns) 

RTP
d 

(nm) 

RTP
e 

(ms) 
F/Pf 

1 487 8.44 523 213 0.48 

2 449 3.71 521 274 1.18 

3 469 5.13 545 447 0.86 

4 470 4.80 560 154 0.43 

5 491 4.85 533 181 NAg 

a. 1.0 weight percent dye in PLA (ex = 369 nm) 

b. Fluorescence maxima  

c. Fluorescence lifetime  

d. Delayed emission maxima under N2 (1 ms delay time) 

e. Phosphorescence lifetime under N2, monitored at the delayed emission maxima 

f. Ratio of fluorescence to phosphorescence under N2 

g. Fluorescence and phosphorescence peaks are too close to assign distinct peaks under N2. 

 

The fluorescence properties of the films were analyzed in air at room temperature. Under 

these conditions, phosphorescence is quenched. In the PLA blends, all the dyes showed blue to 

green fluorescence (449 - 491 nm). Compound 2 showed the most blue-shifted fluorescence, while 

compound 5 showed the most redshifted emission. The fluorescence wavelength can be linked to 

different factors, such as −conjugation and ICT, though trends are sometimes difficult to 

rationalize. For example, compound 1, with a simple structure and a lower degree of −conjugation 

(phenyl), showed more red-shifted fluorescence (F = 487 nm) than compound 3 (naphthyl; F = 
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470 nm). Charge transfer may play a more important role than the −conjugation in determining 

emission color.98  

To analyze the phosphorescence properties, the films in vials were fitted with Teflon sealed 

caps and a vent needle and were continuously purged with N2 during the measurements. All dyes 

showed delayed emission under N2 (i.e. phosphorescence or thermally-activated delayed 

fluorescence; Figure S7). The phosphorescence wavelengths were highly dependent on aromatic 

substitution. The phenyl derivatives (1 and 2) showed green phosphorescence (~520 nm), the 

naphthyl derivative (3), yellow phosphorescence (545 nm), and the thienyl dye (4), yellow-orange 

phosphorescence (560 nm). The color tunability of the phosphorescence is an important feature 

for multiplexing bioimaging.99,100   

The relative fluorescence to phosphorescence intensity (F/P) for the 3,5-dimethoxy dyes is 

noteworthy. Strong phosphorescence is observed for heavy-atom free fluorophores (Figure 4). For 

compound 1, the total emission intensity increased twofold under N2, with separated fluorescence 

and phosphorescence. This difluoroboron dibenzolymethane (BF2dbm) derivative (compound 1) 

can be compared to other alkoxy-substituted dyes in a previous report by Daly et al.74 As seen in 

Figure S8, the charge-transfer properties, linked to the solvatochromic behavior, are highly 

modular based on the alkoxy-substitution pattern. In the previous study, by altering the position of 

a single alkoxy group from the para- to the meta- position of an aromatic ring (para-

BF2dbmOC12H25 vs meta-BF2dbmOC12H25), the charge transfer property is greatly enhanced, 

indicated by red-shifted fluorescence 101 (F: para, 432 nm; meta, 459 nm), a  longer-lived 

fluorescence lifetime102 (F: para, 3.59; meta, 5.49 ns), and enhanced phosphorescence to 

fluorescence ratio under N2
62 (F/P: para, 4.9; meta, 1.2. Note: smaller F/P = more intense 

phosphorescence) when embedded in PLA. In this study, methoxy substituents at both meta 
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positions takes this effect one step further. For compound 1, charge transfer increases more 

dramatic in the PLA matrix (F = 487 nm, F = 8.44 ns, F/P = 0.5), resulting in a material with 

phosphorescence twice as strong as the fluorescence (Figure 4 and Table S2). Among the three 

dyes, namely the mono-substituted para and meta dyes in the previous study and compound 1 here, 

the fluorescence steadily red-shifted with increasing charge-transfer characteristics (432 nm, 459 

nm and 487 nm), while the phosphorescence is relatively static (525 nm ±10).  Therefore, the 

increase in phosphorescence may be primarily attributed to the decrease in the singlet-triplet gap 

(F-P), leading to an accelerated rate of intersystem crossing (ISC) (Table S2).103–105 This is further 

supported by consideration of optical properties of compound 2.  Relative to 1, compound 2 has 

blue-shifted fluorescence (F; 1 = 487 nm, 2 = 447 nm) and a larger singlet-triplet gap (F-P: 1 = 

36 nm, 2 = 72 nm). This resulted in compound 2 having weaker phosphorescence intensity (Figure 

4). 

  Upon changing the atmosphere from air to N2, compounds 2-4 revealed phosphorescence 

as a second peak of equal or stronger intensity than the fluorescence. This is highly unusual for 

heavy-atom free phosphorescent materials with methoxy groups on the para position of the 

aromatic ring, for which the phosphorescence can typically only be observed by time-resolved 

methods (e.g. delayed emission spectra).22,23,49 In particular, compound 4, showed the strongest 

phosphorescence with the largest fluorescence to phosphorescence gap, ideal for red/green/blue 

(RGB) camera channel imaging.44 Furthermore, because there is no heavy atom, the lifetimes are 

ultralong—a feature that is not seen with heavy-atom substitution (Figure 5).49,67 A material like 

dye 4 in PLA can be used as a multimodal trace oxygen sensor (i.e. lifetime or ratiometry).44 

Compound 5 did not show discrete fluorescence and phosphorescence peaks under N2 (Figure S9). 
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Therefore, the strong charge-transfer character of compounds 1-4 may be the key feature in 

creating the strong phosphorescence in these systems.  

 

Figure 4. Total emission spectra of dual emissive dyes 1-4 in PLA fabricated as films in vials 

under air and nitrogen (N2). 

 

 

Figure 5. Phosphorescence properties of compound 4 in PLA (1% dye in PLA; weight percent). Images 

are time lapse snapshots of dye/polymer films sealed in vials and purged with nitrogen  overtime. From left 

to right, purge time = 0 s (far left), 30 s (middle left), and 1min (middle right), then after the UV lamp was 

turned off to observe the phosphorescence afterglow (far right) (ex = 369 nm). 

 

CONCLUSION 
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The synthesis and optical properties of meta-dimethoxy difluoroboron −diketonates in 

PLA with intensified phosphorescence were described. By introducing two methoxy groups at the 

meta positions, the charge-transfer character of the fluorophores is enhanced versus the more 

commonly studied para position substitution. Solvatochromic behavior and computational results 

showed these dyes have localized HOMO orbitals and delocalized LUMO orbitals, indicative of 

strong charge transfer character. When the dyes are embedded into a rigid matrix, such as PLA, 

the charge transfer character of the dyes promoted increased intersystem crossing and enhanced 

phosphorescence. This feature made the dyes unique as heavy-atom free materials with intensified 

phosphorescence and ultralong phosphorescence lifetimes (100-400 ms).  In particular, compound 

4, the thienyl derivative, has phosphorescence twice as strong as the fluorescence. While initial 

tests of the dyes 2-5 showed no remarkable solid-state properties, such as the mechanochromism 

seen for 1, in polymers these dyes show promise for trace oxygen sensors with multimodal imaging 

capabilities via lifetime or ratiometric techniques.  
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